Effects of an external delta-wing vortex generator on the flow and heat transfer characteristics in fan flows and uniform flows were experimentally investigated and compared. A heated plate, installed on the bottom wall of a duct, was used as the heat transfer surface. Three-component mean and fluctuating velocity measurements were conducted using a laser Doppler velocimetry to characterize the flow structures and to obtain the near-wall flow parameters, including the axial mean velocity, axial vorticity and turbulent kinetic energy. Temperatures on the heat transfer surface were measured using thermocouples to obtain the Nusselt numbers. Results show that the external delta-wing vortex generator in fan flows has little overall effect on the near-wall averaged axial mean velocity and axial vorticity, but increases the turbulent kinetic energy, in the investigated X/D ranges. The increase in the turbulent kinetic energy by the delta-wing has little effect on heat transfer in the inherently vortical fan flows.
Introduction
Extensive studies have been conducted on the heat transfer enhancement using turbulators in simulated heat exchangers, turbine blades and so on [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . The turbulator usually generates high turbulence vortical motion in uniform flows, which may change the mean velocity fields, modify the flow turbulence properties and the structures of the near wall layers in the velocity boundary layer. These, in turn, cause modifications in the heat transfer characteristics. Edwards and Alker [1] investigated convective heat transfer augmentation using three-dimensional surface protrusions in the form of cubes and vortex generators. The cube was found to produce the highest local improvement, but the vortex generator effect extended further downstream. Russell et al. [2] studied the heat transfer enhancement on plate fin surfaces on which local vortex generators produced a set of contra-rotating vortices. Their study showed that considerable heat transfer enhancement occurred, and the pressure loss penalty associated with vortex generators was modest. Eibeck and Eaton [3] experimentally examined the heat transfer effects of an isolated longitudinal vortex embedded in a turbulent boundary layer. They found that the longitudinal vortex effects on the Stanton number were attributed largely to the distortion in the mean velocity field. Fiebig and his group [5] [6] [7] [8] conducted systematic experimental investigations on heat transfer enhancement and induced drag using delta wings, rectangular wings, delta winglets and rectangular winglets in channel uniform flows. They found that the heat transfer was increased up to 60-degree angle of attack. The heat transfer enhancement per unit vortex generator area was the highest for delta wings followed by delta winglets and rectangular winglets [5] . However, the results from Ref. 7 showed that delta winglets produced better heat transfer performance than wings. No explanations were given on these contradictory results. Their studies also showed that the vortices in the wake of the second row were more unsteadiness than the first-row vortices [6] . A pair of delta winglets performed slightly better than a pair of rectangular winglets at higher angles of attack and Reynolds numbers [8] . The results from studies by Biswas et al. [9, 10] indicated that the flow loss due to the winglet-pair was less than that due to the wing, and the zone of poor heat transfer as it was observed with the wing could be avoided by using winglet-pair. The use of winglet-pair appeared to be a more attractive augmentation technique.
Hwang et al. [12] and Liou et al. [13] investigated the effects of ridge shapes and rib-arrays on heat transfer. Their studies showed that various ridge shapes have comparable thermal performance and the composite-ribbed performed best in their ribbed configurations. Liou et al. [14] also studied the effect of divider thickness on the local heat transfer distributions. Their results showed that the direction and strength of the secondary flow are the most important fluid dynamic factors affecting the heat transfer distributions, followed by the convective mean velocity and then the turbulent kinetic energy.
The previous studies focused on the investigations of turbulator effects on heat transfer in uniform flows, and indicated that the turbulators have substantial effects on heat transfer rates. Fans have been widely used in electronics and computers to induce fluid motions for heat transfer applications. The fan itself is a good turbulator, which generates vortical flow motions. The studies of an external turbulator effect on heat transfer and flow characteristics in such inherently vortical fan flows have not been seen in literatures, which motivates this research.
Cross-sectional flow velocities were first measured to characterize the flow structures. Three near-wall flow parameters, including the axial mean velocity, axial vorticity and turbulent kinetic energy, were then obtained from three-component mean and fluctuating velocities. Temperature distributions on a heated aluminum plate, acting as the heat transfer surface, were measured to obtain the Nusselt numbers. The turbulator effects on the flow and heat transfer characteristics were discussed.
Experimental setup and methods

Experimental setup
The primary experimental setup utilized in this research is shown in Fig. 1 . An open-circuit wind tunnel system was used to develop uniform flows with turbulence intensities less than 1 percent inside a 7 x 7 cm 2 duct.
Air was supplied to the 50 cm long test section by a blower, and passed through a turbulence-management section that includes a diffuser, honeycombs, screens and a contraction section. An axial DC fan was placed between the contraction section and the test section to develop fan flows inside the duct, where the diffuser, honeycombs and screens were removed from the wind tunnel system. shown to be able to follow turbulence frequencies exceeding 1 KHz [15] . The uncertainty in the velocity measurements was estimated to be less than 5 percent.
Heat transfer measurement
The heat transfer coefficient, h= respectively, are used to determine the temperature drop through the plate. Heat conduction loss through the back of the heating plate is calculated using the Fourier's law, which is estimated to be less than 3 percent of the total heat generated. Radiation loss is estimated to be less than 3.6 percent of the total heat flux. Conduction loss along the sides of the heat transfer plate accounted for a small fraction and was neglected. The total uncertainty in the measurement of the heat transfer coefficient was estimated to be within 10 percent.
Results and Discussion
Cross-sectional flow characteristics
The cross-sectional flow structures in the Y-Z and X-Y planes for the investigated flows were first discussed. 
Flow characteristics near the heat transfer surface
The axial mean velocities, the axial vorticities and the turbulent kinetic energy near the heat transfer surface were investigated next because the near-wall flow characteristics should have major effects on heat transfer.
Measurements showed that the boundary-layer thicknesses for the uniform flows of the investigated Reynolds numbers over the heat transfer surface were between 9 and 13 mm. Re D =4430 and 7200 were, thus, used to calculate the near-wall flow parameters.
Axial mean velocity (convective effect)
The axial mean velocity is an indication of the convective effect on heat transfer. Its magnitude is expected to be proportional to the convective heat transfer rate. 
Axial vorticity (secondary-flow effect)
Large strength of the secondary flow is expected to have a large effect on heat transfer. Figure 10 
Turbulent kinetic energy (turbulence effect)
The turbulent kinetic energy, k 
Heat transfer characteristics
The heat transfer characteristics on the heat transfer surface are presented in a dimensionless form as the Nusselt number, Nu=hD/k. The Nusselt numbers on the heat transfer surface for the uniform flows of the investigated Reynolds numbers were also measured and compared with the analytical unheated starting length solutions presented in Kays and Crawford [16] to check the accuracy of the measured heat transfer data. Figure 12 shows that the Nusselt number distribution is approximately 6 percent higher than the predictions, which is under the uncertainty estimate. Due to the vortical flow motions, the fan flows and the uniform flows across the delta-wing have much better heat transfer performance than the uniform flows. Also, the Nusselt numbers increase as the Reynolds numbers increase, and the Nusselt numbers are higher for the fan flows than the uniform flows across the delta-wing. The delta-wing in uniform flows causes large increase in the Nusselt number, while it has little effect on heat transfer rates in fan flows in the investigated X/D ranges.
Relations between heat transfer and flow characteristics
It has been shown above that larger near-wall averaged axial mean velocity, axial vorticity and turbulent kinetic energy occurred in fan flows and uniform flows across the delta-wing than in uniform flows. As a result, the vortical flows have higher heat transfer rates than the uniform flows. Figure 13 
